The distribution of rat manganese superoxide dismutase (Mn-SOD) was immunohistochemidy investigated in the rat stomach with a specific polydonal antibody and a labeled streptavidin-biotin immunoglobulin detection system in cryosections. Parietal cells in the stomach were intensely stained, whereas the other epithelial cells in the gastric gland and pit exhibited only slight staining. Rapid-freezing and kze-substitution immunoelemon micrompy revealed that Mn-SOD in parietal cells was mainly localized in mitochondria. Therefore, the large amount of Mn-SOD in parietal cells is due to the abundant mitochondria, in which Mn-SOD is considered to play important roles in protecting the ion pump and the cell itself from superoxide insult. Application of Triton X-100, ayosectioning, and the streptavidin-biotin system are needed to distinctly visualize
Introduction
Superoxide dismutases (SODs), which catalyze the dismutation of the superoxide anion into 0 2 and H 2 0 2 , are thought to protect cells against the reactive free radicals produced by ionizing radiation or through other mechanisms (1). The enzymes are classified into three isoenzymes: copper-zinc SOD (dimetric CuZn-SOD, MW 32 KD), manganese SOD (tetrametric Mn-SOD, MW 85.5 KD), and extracellular SOD (tetrametric EC-SOD, MW 135 KD) (2-4). These isoenzymes differ in structure, in the control mechanisms of gene expression and function, and in their distribution in cells and tissues. CuZn-SOD is inactivated by non-enzymatic glycosylation (5) and is not induced by tumor necrosis factor (TNF) (6), whereas Mn-SOD is strongly induced by inflammatory mediators (6,7) and is involved in protection of cells from the cytotoxic effect ofTNF (6.8). Itoh and Guth (9) reported that oxygen-derived free radicals, particularly Oz-, play an important role in the formation of gastric lesions produced by ischemia plus HCI and that intravenously in-Correspondence to: Haruyuki Tatsumi, Dept. of Anatomy, Sapporo Medical College, S1 W17, Chuo-ku, Sapporo 060, Japan.
Mn-SOD with our antibody. Seatment of the ayoseaions w i 6 Triton X-100 enhanced not only the immunoreactivity but also the false-positive staining, which showed a similar distribution pattern to that of Mn-SOD and thus made it ditficult to determine the localization. The most plausible cause of the false-positive staining is thought to be endogenous biotin in the stomach, which survives paraformaldehyde fixation and is revealed by Triton X-100 treatment. Suppression of the endogenous streptavidin binding activity is important when ayosections, the streptavidin-biotin system, and Triton X-100 are employed. fused SOD significantly reduced the gastric lesions. Although there have been several reports on the distribution of SODs in rat tissues (10-13), reports on the immunohistochemistry of Mn-SOD in rat stomach are scarce (14) , and no precise description of the immunopositive cells is found. To discuss the involvement of Mn-SOD in the stomach, it is necessary to determine which cells have a welldeveloped scavenger system of Mn-SOD against the superoxide anion.
Our antibody against Mn-SOD is specific but is not reactive to the antigen in paraffin sections. Although preserved in frozen sections, Mn-SOD immunoreactivity is very weak. Consequently, we applied Triton X-100 and a streptavidin-biotin-labeled immunoglobulin detection system to enhance the visualization of Mn-SOD. Using the combination of Triton X-100, frozen sections, and streptavidin-biotin labeling, we encountered strong false-positive staining. Although the false-positive staining was abolished by ethanol dehydration of the frozen sections, Mn-SOD immunoreactivity was also extinguished by the dehydration. Therefore, in addition to the combination described above we employed a false-positive suppression technique and investigated the precise localization of Mn-SOD in rat stomach. Furthermore, by using the rapid-freeze and freeze-substitution method for post-embedding immunoelec- tmn microscopy, we studied the subcellular localization in Mn-SODrich cells.
Western Blotti

Materials and Methods
Preparation of Anti-rat Mn-SOD Antiserum. Rat Mn-SOD was purified from the liven of male Wistar rats by the same procedure used for human Mn-SOD (15) . A polyclonal antibody against the purified rat Mn-SOD (16.17) was raised in rabbits and purified by precipitation with 50% SATOH, TATSUMI, SUZUKI, TANIGUCHI saturated ammonium sulfate. DEAE-ceIlulose chromatography, and immunoaffinity column chromatography with purified Mn-SOD as an adsorbent. The specificity of this antibody was judged by Western blotting analysis ( Figure 1 ).
Tissue Prepantion for I"unohho&e&ry.
Thirty rats (7-10 weeks old) were used for this study. Animal maintenance and handling were performed in accordance with the guidelines for animal experimentation at Sapporo Medical College. Under ether anesthesia, the animals were pcrfused via the left ventricle with 4% paraformaldehyde fixative buffered with a ' - Paraffin sections were made to compare with the frozen sections. For cryosectioning. the fixed tissues were rinsed sequentially in 10%. 15%. and 20% sucrose-PBS (phosphate-buffered saline, 0.01 M) for 4 hr each at 4°C. Cryosections embedded in OCT compound were made at 4 pm thickness and mounted on poly-L-lysine coated glass slides. Triton X-100 was added to 0.01 M PBS (3:lOOO. vlv) for rinsing and immersingsections before falsepositive suppression. The sections were washed three times for 15 min in PBS at room temperature to remove OCT compound, then immersed for 1 hr in PBS containing Triton X-100 for permeabilization. They were treated with 3% H202 for 10 min to inactivate endogenous peroxidase activity. After washing three times for 15 min with PBS, a suppression technique for false-positive staining modified from Wood and Warnke (18) was applied as follows. The sections were incubated with 0.01% free streptavidin in PBS (Sigma; St Louis, MO) for 20 min. rinsed with PBS, incubated with 0.001% free biotin in PBS (Sigma) for 20 min. rinsed with PBS. then immersed in 4% buffered paraformaldehyde for 1 hr. After rinsing with PBS, the sections were treated with 10% normal goat serum for 30 min to block nonspecific binding, followed by rabbit anti-rat Mn-SOD antiserum (1500) for 2 hr. After washing for 15 min. a peroxidase-conjugated streptavidin-bio-tin immunoglobulin detection system (Histofine SAB-PO kit; Nichirei Company. Tokyo, Japan) was used for the localization of rabbit IgG (biotinylated goat anti-rabbit IgG for 1 0 min. peroxidase-conjugated streptavidin for 5 min). For demonstrating peroxidase activity, the slides were immersed in a medium containing 40 mgllOO ml of 3,3'-diaminobenzidine and 0.01% HzO2 in 0.05 M Tris-HCI buffer, pH 7.6, and monitored by light microscopy for the localization of peroxidase activity.
Post-embedding Immunoelectron Microscopy with Rapid-freezing and Freeze-substitution Technique. The specimens were processed as described previously (19) . Briefly, specimens fixed with 3% paraformaldehyde and 0.1% glutaraldehyde were frozen by pressing them rapidly against a copper block cooled to 4'K with liquid helium. After the rapid-freezing, the blocks were freeze-substituted in a vial containing 0.1% glutaraldehyde in acetone, kept at -8O'C for 3 days, then at -2O' C. 4'C, and room temperature for 2 hr each. After rinsing five times with pure acetone and then with pure ethanol, the blocks were infiltrated with a mixture of Lowicryl K4M and ethanol (1:l) at -2O'C for 2 hr and with pure Lowicrvl overnight. The blocks embedded in the Lowicryl were polymerized at -2O' C with w light for 24 hr.
hmunostaining for Electron Microscopy. Ultra-thin sections mounted b on nickel grids were incubated in 0.1% bovine serum albumin dissolved in 0.01 M PBS for 1 hr at room temperature, treated for 1 hr with polyclonal rabbit anti-Mn-SOD antibody diluted (1:lOO) with PBS at room temperature, washed with PBS. and treated for 1 hr with IO-nm colloidal gold conjugated goat anti-rabbit immunoglobulins (1:50) (Dako; Santa Barbara, CA) at room temperature. After washing with distilled water and drying, the sections were contrasted with 3% uranyl acetate solution and Reynolds' lead citrate for 3 min and 1 min. respectively.
Controls. The control sections were treated the same way except for the replacement of the antiserum with normal rabbit serum (1:lOO) or use of the primary antiserum after adsorption with purified Mn-SOD (10" M). In the case of immunohistochemistry, to evaluate the effect of Triton X-100 and the false-positive suppression technique we performed immunostaining without using Triton X-100 or the suppression procedure.
Results
Coomassie blue staining of Mn-SOD purified from rat liver and each inmunoblot of isolated protein from rat tissues (stomach, liver, heart, and brain) showed a single prominent band of approximately 23 KD (Figure 1 ).
No immunopositive staining was found in paraffin sections (Figure 2a ). There was almost no immunostaining in frozen sections without application of Triton X-100 (Figure 2b) , whereas frozen sections treated with Triton X-100 were intensely stained ( Figures  2c and 3) .
Without the false-positive suppression, the control sections showed strong reaction mainly in the gastric glandular cells, whose distribution pattern was similar to Mn-SOD. To confirm the cause of the false-positive staining, we applied only peroxidase-conjugated streptavidin to the frozen sections treated with Triton X-100, without specific antiserum. After peroxidase staining, reaction products were also distinctly observed in the gastric glandular cells (Figure 4a ). When Triton X-100 was omitted the false-positive staining was greatly decreased. In control sections treated with Triton X-100, the false-positive suppression procedure, and normal rabbit serum, the streptavidin-biotin immunoglobulin detection system did not demonstrate any false-positive staining (Figure 4b ). The primary antibody previously adsorbed with the antigen also did not show any positive reaction.
Immunopositive cells for rat Mn-SOD were distributed from the neck to the bottom of the gastric gland and were sometimes located in the lower portion of the gastric pit. The stained cells were very large and pyramidal in shape, having broad, rounded bases that often bulged outwards at the periphery of the gland (Figure 3) . Their cytoplasm showed intense immunopositive staining with a granular appearance and immunonegative space. The immunonegative space, which often encircled the nucleus (Figure 3 ), seemed to correspond to the intracellular secretory canaliculi of the parietal cell. The nucleus of the cell was not intensely stained. The characteristic cell position and morphological features indicate that these strongly immunopositive cells are parietal cells. The staining of other types of cells was not significantly strong except for chief cells in the gastric gland and subapical cytoplasm of surface mucous cells facing the gastric lumen. However, the intensity was not so strong as that in parietal cells. The parietal cells around or above the neck portion of the gastric gland were stained more intensely compared with the parietal cells located in the body and base of the gland (Figures 2c and 3a) . Although Mn-SOD is dehydration- labile, a rapid-freezing and freeze-substitution method conserved the reactivity well even after dehydration (19) . Immunoelectron microscopy revealed that Mn-SOD in parietal cells was mainly localized in the mitochondria (Figure 5) . The differences in the number of immunogold particles in the mitochondria among cell types were not so prominent by this method.
Discussion
Free radicals react to exert toxic effects that lead to cell death, car-cinogenesis, and aging. To deal with these dangerous radicals, aerobic organisms have developed scavenger systems. We have demonstrated that one of these scavenger systems, Mn-SOD, is highly concentrated in the glandular cells of the rat stomach.
Dobashi et al. (14) have studied the localization of Mn-SOD in rat stomach, but these authors did not identify the type of the immunopositive cells. Since they used paraffin sections, the antigen seems to have diffused during the preparation, confusing the precise localization of Mn-SOD. We tried to stain Mn-SOD in paraffin sections, but failed. This seems to be consistent with data indicating that the enzyme activity of mitochondrial SOD in chicken liver is eliminated by treatment with mixtures of chloroform and ethanol ( 2 ) . The antigen is thought to be in some way labile for ethanol. Consequently, to avoid ethanol dehydration, cryosections were used for the localization study. Based on our experiments, application of Triton X-100 is necessary for immunohistochemistry of Mn-SOD in case of good fixation of tissue. In addition, the streptavidin-biotin-labeling technique is preferred to distinctly visualize the antigen. However, the combination of cryosectioning, Triton X-100, and streptavidin-biotin labeling brought about strong false-positive staining in control sections, whose distribution pattern was very similar to that of Mn-SOD. Therefore, we first searched for the cause and a way to suppress the false-positive staining.
The most plausible candidate for the cause of the false-positive staining is thought to be endogenous biotin, as the binding affinity of streptavidin for biotin is extremely high (K, M-l) ( 2 0 ) . In fact, biochemical data have shown that mitochondrial carboxylases contain biotin as a co-enzyme (21) and that biotin is also distributed in intracellular fractions other than mitochondria ( 2 2 ) . Therefore, a large amount of endogenous biotin is distributed in the cells. However, the false-positive staining in the streptavidin (avidin)-biotin immunoglobulin detection system usually does not occur when formalin fixation is used, because the binding activity of endogenous biotin to streptavidin (avidin) is destroyed by formalin fixation. In some parts of the cell, probably the mitochondria, the binding activity seems to survive after the fixation, since the false-positive staining takes place by application of Triton X-100. This problem can be obviated by treatment with free streptavidin after treatment with Triton X-100. In addition, a monoclonal antibody for biotin (Dako) showed the same staining pattern as the false-positive staining when Triton X-100 was applied to the cryosections (data not shown). Therefore, most of the endogenous biotin that caused the false-positive staining might exist in the mitochondria of parietal cells. However, electron microscopic investigation of biotin localization is needed to clarify this.
For suppression of the false-positive staining, streptavidin is preferred to avidin because avidin contributes to other nonspecific binding as compared with sueptavidin (20), and paraformaldehyde is also effective to block the endogenous biotin. Accordingly we used 0.01% free streptavidin, 0.001% free biotin, and 4% buffered paraformaldehyde for the suppression procedure and obtained not only satisfactory false-positive blocking but also specific staining for Mn-SOD. When frozen sections, the streptavidin-biotin system, and Triton X-100 are employed, the suppression of endogenous streptavidin binding activity is essential for precise localization studies.
The specific localization and the characteristic morphological features of the immunoreactive cells indicate that the Mn-SODrich cells are parietal cells. Biochemical data have indicated that Mn-SOD and its activity are concentrated in the mitochondrial fraction ( 2 ) . From these data and our data that parietal cells showed the granula appearance of the immunopositive reaction by light microscopy and the localization of immunogold reaction products in mitochondria by electron microscopy, the strong immunoreaction in the parietal cell is thought to be mainly due to the abundant mitochondria in which Mn-SOD exists. As the number of mitochondria is greater in parietal cells than in other cell types in the stomach, the difference in stainability among cell types may be caused by the difference in the number of mitochondria. Other types of cells, especially chief cells and the subapical cytoplasm of surface mucous cells facing the gastric lumen, showed slight immunopositive reaction. The staining of these cells can be explained by the smaller but considerable numbers of mitochondria. In addition, the stainability of the parietal cells varies in different locations in the gland. This suggests a difference in the function of the cell or in the microenvironment around the cell. Because Mn-SOD is subject to induction with superoxide or inflammatory mediators compared with Cu,Zn-SOD (6), the concentration of immunogold particles in mitochondria was not so high as that in Mn-SOD-induced cell lines in our preliminary study. However, more precise basic study using quantification by immunoelectron microscopy is needed to clarlfy the difference in the stainability.
Parietal cells are highly ddferentiated for secretion of HCI, with well-developed ion pumps and many mitochondria to support the function. Stimulation of acid secretion in the stomach causes an increase in oxygen consumption (23, 24) , enhancing the chances for generation of superoxide, which might impair the ion pump activity of parietal cells were it not for the abundant Mn-SOD in these cells. In fact, the ion pump activity of ocular lens in rats was reported to be damaged by superoxide or its derivatives, and the pump inactivation in the presence of light and riboflavin was abolished by SOD ( 2 5 ) . Therefore, large amounts of Mn-SOD in parietal cells would play an important role in protecting the ion pump and the cell itself from the superoxide anion.
Both Mn-SOD and endogenous biotin show a dehydration-labile property and similar distribution patterns in the rat stomach and other tissues (data not shown; e.g., kidney, striated duct in salivary glands). It may be that relationships exist between Mn-SOD and endogenous biotin.
